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Abstract 
An efficient approach is presented to predict the critical impact force and corresponding damage in 
composite laminates subjected to low-velocity impact. In developing such approach, stress analysis 
was conducted first for a 4 mm thick quasi-isotropic laminate to determine the potential failure 
modes and locations under the critical impact force. Three finite element models were subsequently 
built to simulate the damage in the upper, middle and lower interfaces and investigate the effect of 
each damage mode on the laminate stiffness. It is found that delamination adjacent to the impact 
point is suppressed by the high compressive through-thickness stress resulting in negligible reduction 
of the laminate stiffness. Both the delamination in interfaces adjacent to the mid-thickness plane and 
matrix fracture on the lower face can cause the first load drop, which corresponds to the critical 
impact force. The former is the main causative mechanism for the laminate studied in this paper. A 
simplified and efficient finite element model, which takes account of the delamination damage 
adjacent to the mid-thickness plane and the lower face, is developed that is computationally 
affordable and delivers acceptable prediction of the critical impact force, damage shape and size, by 
both quasi-static load and dynamic impact analyses.   
Keywords: low-velocity impact; finite element; delamination; cohesive zone model; critical impact 
force 
1. Introduction 
Advanced carbon fibre reinforced plastics (CFRP) have been increasingly used in the airframe 
primary structures due to their excellent mechanical properties and low specific weight. However 
poor properties in the through-thickness direction make CFRP particularly susceptible to the low 
velocity impact. Composite laminates exhibit a relatively brittle behaviour and can undergo internal 
damage in forms of matrix cracks, fibre breakage and delamination when they are subjected to 
foreign object impacts. These damages (in particular delamination) may propagate undetected during 
the service resulting in unexpected failure of the component, especially for the primary structures 
loaded in compression. Therefore, it is essential to develop a computer-based design tool to predict 
the damage onset and evolution in composite structures under impact. 
The cohesive zone model (CZM), which combines strength-based criteria with fracture mechanics 
energy criteria, has attracted considerable interests in recent years. Cohesive elements placed at the 
interface between layers have been successfully used in various studies to model the delamination 
induced by low velocity impact in composite laminates with cross-ply [1-3] and clustered layers 
[4-6]. Several CZMs have achieved acceptable prediction for simulating the impact damage initiation 
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and propagation in multi-direction composites [7-9], e.g. [03/+45/45]S, [02/452/902/-452]S, and 
[45/-45/90/0]S laminates. However, these laminates consisted of fewer than 7 interfaces that need to 
be modelled by cohesive elements. Lopes et al [10] developed a finite element (FE) model to 
simulate the damage of a 24 ply laminate [±45/90/0/45/04/-45/02]S under low-velocity impact. 
Cohesive elements were inserted in each interface to simulate the delamination initiation and 
propagation. It took 4 to 5 days to complete a simulation using a cluster 32 CPU's workstation. 
Therefore, it is not yet possible to use the CZM as a design tool for realistic structures. 
As pointed out in the open literature [11-15], there are two different phases in the impact response 
during the damage process. First, the impact force reaches a threshold value, also defined as the 
critical force that results from the delamination onset causing a sudden loss of the laminate stiffness 
and drop of the impact force in the response. Second, the damage size increases with the force until 
the force reaches its maximum, defined as the peak force. The difficulty to predict the peak force of 
thick multi-direction laminates under impact loading is mainly due to the complexity of the physical 
phenomena involved during the damage propagation, which require accurate modelling of the 
dynamics response, contact formulation, interlaminar friction, interaction of various failure modes, 
including matrix cracking, delamination and fibre breakage. Current computer models will take days 
to simulate a simple test coupon, which are not yet regarded as design tools. However, it is feasible 
to develop an efficient FE model to predict the critical impact force that is also defined as the 
Delamination Threshold Load (DTL) [13, 16-17], which is a measurement of the damage resistance 
of a composite material [18]. The critical force can be related to critical impact energy for design 
purpose. Extensive experimental tests have shown that the critical force is independent of the 
specimen size, boundary condition and impact energy [12, 16, 18-19]. Therefore, it can aid the 
design process by relating the coupon test data with realistic structural elements as long as the 
thickness and the stacking sequence are the same.  
The prediction of critical impact force has been attempted by many researchers. Sjoblom [20] 
predicted that the critical damage initiation load is related to t
3/2
, where t is the laminate thickness. 
Davies et al. [21-22] developed an equation based on the mode II fracture to determine the onset of 
the delamination based on the simple beam theory and assumption of quasi-isotropic property with 
one delamination in the mid thickness. This equation also indicates that the critical force is 
proportional to t
3/2
, which has been supported by a number of tests [23-25] and provides an estimate 
of the critical force for a given quasi-isotropic laminate. Independent experiment by Olsson [26] also 
shows the correlation of critical force with t
3/2
.  
To summarise, critical impact force is a key parameter to characterise the damage resistance of 
composite materials. Although the equation developed by Davies et al. [21-22] gives acceptable 
results for quasi-isotropic laminates, it cannot be applied to more complex laminates or realistic 
structures, e.g. non-quasi-isotropic layups, multiple delamination and delamination that is triggered 
by early matrix cracking (bending mode dominated thin or larger plate or weaker resin properties). 
Therefore, an FE-based design tool is still needed to predict the critical impact force of realistic 
structures. 
The aim of the work presented in this paper is to develop an efficient approach for predicting the 
critical impact force under low velocity impact. First, three FE models have been developed to 
simulate the damage located in the top and middle interfaces, and also the laminate’s back face, and 
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their effects on the stiffness degradation. Second, based on these models, a computationally efficient 
model is established and the prediction results are compared with the experimental tests in terms of 
the critical force, force-displacement relation, and damage shape and size.  
2. Strategy of modelling approach  
In this paper, a previously conducted low velocity impact test [19, 27] is modelled. The material is 
unidirectional pre-preg IM7/977-3. Ply mechanical properties obtained from [19, 27] are given in 
Table 1, where Exx, Eyy and Ezz are respectively the Young's modulus of the fibre, transverse to the 
fibre and normal directions, Gxy, Gxz and Gyz the shear moduli, νxy, νxz and νyz the Poisson's ratios. 
The interface stiffness values in the normal and two shear directions, Kn, Ks, and Kt, are derived and 
shown in Table 1.  
Table 1 Mechanical properties of IM7/977-3 laminate [27] 
Lamina ply  Cohesive interface  
Elastic modulus (GPa) 
Exx=162, Eyy= Ezz=8.34, Gxy= Gxz= Gyz=4.96 
Poisson's ratio  νxy=νxz=νyz=0.27 
Longitude tension and compression strength (MPa) 
XT=2275,  XC=1680 
Transverse tension and compression strength (MPa) 
YT=64,  YC=186 
Shear strength (MPa) Sxy=121, Sxz=Syz=127 
Stiffness (GPa/m) 
KN=240000, Ks= Kt=86000 
Normal strength N=64 MPa  
Shear strength S=T=121 MPa 
Critical strain energy release rate (J/m2) 
GIC = 320
   GIIC = GIIIC=580
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Fig. 1 Filtered impact force vs. time history of low velocity impact test [19, 27] (test specimen size 150×100 mm; 
inside the support fixture 125×75 mm) 
Standard test coupons are of 150×100 mm nominal size with quasi isotropic stacking sequence 
[-45/0/45/90]4S, with a nominal ply thickness of 0.125 mm, 32 plies resulted in a panel of 4 mm 
nominal thickness. Impact test was conducted using a Rosand instrumented falling weight Type 5 
impact tester comprising a load cell detecting the force applied to the impact target. The diameter of 
the hemispherical impactor was 15.75 mm. The impact support fixture was a 20 mm thick steel plate 
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with a 125×75 mm cut out. Four clamps were used to restrain the test coupon during the impact. 
Coupons were impacted at 5, 10, 15, 20 and 30 J. Filtered impact force vs. time history of five 
individual tests is shown in Fig. 1. A critical impact force of about 5400 N can be clearly observed, 
that is the first load drop point. Following the impact test, the damage extent in the test coupons was 
measured using an immersion ultrasound scanner (C-scan).  
Although several different failure modes can occur under the low velocity impact load, major efforts 
have been focused on the modelling of delamination. The CZM, which places the cohesive elements 
in the interfaces of laminate to calculate the interlaminar cohesive forces, is the most common 
approach used in the literature. However, it should be pointed out that the CZM relies on predefined 
interfaces that constrain the interlaminar crack paths. When the crack path is unknown, cohesive 
elements must be placed in all the interfaces of the laminate layers, which is computationally 
expensive for the thick and multi-direction laminates.  
To reduce the number of interfaces where the cohesive elements need to be defined, stress analysis 
was conducted first to determine the potential failure modes and location under the critical force. As 
shown in Fig. 2a, the laminate is modelled by continuum solid element (designated as C3D8R in 
ABAQUS). The smallest element size in the impact zone is 0.44 × 0.44 mm. Each element layer 
represents one lamina ply. The zero-thickness cohesive elements (COH3D8) are inserted in all the 
interfaces. The reason to have the cohesive elements in the stress analysis model is to facilitate a 
direct comparison with the fracture analysis models presented in Section 3. Figure 2b shows a 
fracture analysis model where the cohesive element zone is reduced to 50 x 50 mm to model the 
delamination under the impactor. The impactor is modelled as a rigid body due to the relatively 
smaller deformation of the impactor compared with that of the laminate. The interaction between the 
plate and impactor is simulated by surface-to-surface contact pairs. A total of 112000 solid elements 
and 105000 cohesive elements are used in the FE model to calculate the stress distribution of the 
impacted laminate. It is assumed that no damage will occur in the solid and cohesive elements.  
  
(a)                                          (b) 
Fig. 2 Three dimensional FE models: (a) stress analysis model (model size 125×75 mm, cohesive zone 125×75 mm),  
(b) fracture analysis model in Sections 3 and 4 (cohesive zone: 50×50 mm) 
 
To save the computation time, quasi-static load is applied to simulate the low-velocity impact event. 
A displacement in the z-direction is applied to the impactor instead of the impactor mass and velocity. 
The similarity of quasi-static load and low-velocity impact in terms of the contact force and damage 
cohesive zone 
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area has been reported in [19, 28-29], which demonstrates that the relation of the impact force and 
displacement is not changed by the impact velocity in the low velocity range, because the influence 
of inertia caused by the dynamic load is very small and thus can be neglected within the low velocity 
range [30].  
According to the experimental result [19], the displacement of the impactor is about 2 mm at the 
critical force of 5400N. This displacement is applied to the impactor under the displacement 
controlled loading model. The distributions of normal stress (σzz), interlaminar shear stress (τxz) and 
in-plane transverse stress (σyy) are shown in Fig. 3 and 4. There are three likely mechanisms for 
delamination onset and propagation as explained in the following. 
(1) Delamination due to the high interlaminar shear stress τxz adjacent to the impact point. However, 
the compressive through-thickness stress (σzz) is also very high in this local area, such as in the 
interfaces 1, 5, 9 and 13, as shown in Fig. 4a and b. In this area, the combined effect of τxz and σzz 
should be taken into account since compressive σzz is likely to suppress the delamination onset and 
propagation by introducing interlaminar friction. 
  
(a) 
 
(b) 
Fig. 3 (a) Normal σzz and (b) shear stress τxz distribution in the cohesive interface elements (unit: Pa)  
Interface 30 
Interface 1 
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Fig. 4 Stress distributions in the laminate under the critical impact force  (QSL stress analysis model Fig. 2a) 
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(2) Delamination due to the interlaminar shear stresses (τxz) adjacent to the mid-thickness plane. As 
shown in Fig. 4a and b, in the area of interfaces 9 and 13 at 2 mm away from the impact point, σzz is 
much lower and its effect on delamination suppression could be neglected. Meanwhile, τxz is higher 
than the shear strength (Sxz); hence it could cause the interlaminar delamination. Therefore, in this 
study, the CZM is adopted for the interfaces from 9 to 22.  
(3) Delamination due to the matrix cracking caused by the tensile bending stress (σyy) on the lower 
surface, such as ply 32 and 28 shown in Fig. 4c. These cracks act as a stress-raiser which precipitates 
delamination in the adjacent layer. This effect is restricted to the back face plies for σyy is reduced 
rapidly along the thickness direction. For example in this study, the in-plane transverse stress (σyy) in 
ply 24 is much lower than the transverse strength (YT), as shown in Fig. 4c. 
On the basis of the stress analysis, three finite element models are developed to simulate the damage 
in the upper and middle interfaces and the lower surface separately, see details in Section 3. The 
Zhang, J, Zhang, X, An efficient approach for predicting low-velocity impact force and damage in composite laminates, 
Composite Structures (2015), doi: http://dx.doi.org/10.1016/j.compstruct. 2015.04.023 
7 
 
effect of each damage mode on the global stiffness is investigated. To establish a computationally 
affordable model, only those interfaces, where damage has considerably degraded the laminate 
stiffness, will be modelled by the cohesive elements.  
3. Development of computationally affordable models 
3.1 Damage modelling  
The impact load history provides important information on the damage onset and propagation. The 
first load drop does not physically represent the initiation of damage as the sub-critical matrix cracks 
and small delamination may initiate at lower force [11]. Actually, it represents the initial force value, 
at which a significant change in the laminate stiffness properties can be detected [16]. It corresponds 
to the occurrence of damage in terms of matrix cracking, fibre breakage and delamination. These 
damages are classically grouped into the in-plane and interlaminar damage, which are modelled in 
this paper by different approaches.  
(1) In-plane damage. If the impact energy is sufficiently high, it may result in significant in-plane 
damage in terms of fibre breakage and matrix cracking. It is necessary to degrade the structural 
stiffness matrix in models when significant in-plane damage occurs in order to predict the impact 
force correctly. The 3D Hashin-type failure criterion and material property degradation rules used in 
[31] are adopted to model the matrix cracking in tension and compression, fibre failure in tension and 
compression, and fibre-matrix shear out, as summarised in Table 2, where σxx and σyy are the in-plane 
stresses in the fibre and transverse directions, τxy and τyz the shear stresses, XT and XC the fibre tension 
and compression strength, YT and YC the matrix tension and compression strength, Sxy and Syz the 
shear strength. Subscript “d” denotes degraded material properties. A user defined subroutine 
(designated as USDFLD in ABAQUS) is developed for implementing the Hashin failure criterion in 
Table 2.  
Table 2 In-plane 3D Hashin-type failure criteria and material property degradation rules [31] 
Failure Mode Failure criterion Material property degradation rule 
Matrix tension cracking 
2 22
yy xy yz
T xy yz
1
Y S S
      
          
     
 yy,d yy0.2E E  xy,d xy0.2G G  yz,d yz0.2G G  
Matrix compression cracking 
2 22
yy xy yz
C xy yz
1
Y S S
      
          
     
 yy,d yy0.4E E  xy,d xy0.4G G  yz,d yz0.4G G  
Fibre tension failure 
2 22
xy yzxx
T xy yz
1
X S S
      
          
     
 xx,d xx0.07E E  
Fibre compression failure 
2
xx
C
1
X
 
 
 
 xx,d xx0.14E E  
Fibre-matrix shear-out 
2 22
xy yzxx
C xy yz
1
X S S
      
          
     
 
xy,d xy,d 0G    
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(2) Interlaminar damage. CZM has been employed by many researchers [1-9] to simulate the 
delamination growth in composite laminates. The failure of cohesive element is based on the 
interactive mixed mode criteria for both the initiation and propagation of the delamination. The 
model works well if the through-thickness stress is in tension or relatively low in compression. In 
this study, cohesive elements are used to the interfaces that are far away form the impact point. A 
stress-based quadratic traction-serpration law is used to detect the delamination initiation:  
2 22
sn 1t
t tt
N S T
    
       
     
                                  (1) 
where tn, ts, and tt are the interface stresses in the normal and two shear directions, respectively, and 
N, S and T the corresponding interface strength. Delamination propagation under the mixed-mode 
loading is modelled by the following interactive criterion: 
I II III
IC IIC IIIC
1
G G G
G G G
     
       
     
                                 (2) 
where GI, GII and GIII are the strain energy release rates under the mode I, II and III respectively, GIC, 
GIIC and GIIIC the critical strain energy release rates. 
For the upper interfaces close to the impact point, normal stress (σzz) is considerable high in 
compression that greatly increases the interlaminar shear strength. In this paper, a surface-based 
cohesive contact model available in ABAQUS is adopted to model the combined effect of τxz and σzz. 
Surface-based cohesive contact [32]
 
allows specification of generalised traction-separation behaviour 
for two adjacent surfaces. This behaviour offers capability of modelling failure that is very similar to 
the cohesive element approach that is defined using a traction-separation law. However, the 
surface-based cohesive model is much easier to define and allows simulation of a wider range of 
cohesive interactions, such as interlaminar delamination and contact phenomenon of laminates 
subjected to impact load [30]. Failure criteria of interface used in surface-based cohesive contact 
model is the same as that used in the cohesive element model, as given in eqs. (1) and (2). It is 
implemented in the ABAQUS code without the need of defining any special elements or user specific 
code.  
3.2 Finite element models to identify crucial damage modes 
As mentioned above, it is computationally expensive if one model has all potential damage modes. 
Based on the stress analysis in Section 2 and bearing in mind of the aim to predict the critical impact 
force and the corresponding damage, three finite element models are developed to simulate the 
impact damage in the upper and middle interfaces and lower face separately, as shown in Fig. 5. The 
cohesive zone size in the models is 50×50 mm, as shown in Fig. 2b. A z-direction displacement of 
2.5 mm is applied to the impactor in order to capture the critical impact force.  
Model 1 (Fig. 5a) focuses on the delamination adjacent to the impact point, i.e. the upper interface. 
Surface based contact model is adopted for the interfaces of 1-8 in order to model the effect of 
compressive σzz on the delamination onset and propagation. Matrix cracking and fibre breaking are 
also modelled in plies 1-9 owing to the high compressive in-plane stress (σxx and σyy) caused by the 
bending effect. 
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Model 2 (Fig. 5b) mimics the internal delamination due to the high interlaminar shear stresses in the 
interfaces near the mid-thickness region. Cohesive elements are inserted at interface 9-22 to model 
the mode II delamination onset and propagation. No interface element is inserted to the mid 
thickness plane interface between the 90/90 plies, since no delamination is expected between the 
same fibre orientation plies. 
Model 3 (Fig. 5c) concentrates on the damage evolution on the lower face due to the tensile bending 
stress. Matrix cracking and fibre breaking are modelled in the 25-32th plies. Cohesive elements are 
inserted for the 23-30th interfaces to model the delamination caused by the matrix cracks. 
            
             (a) Model 1                                              (b) Model 2                                       (c) Model 3 
Fig. 5 Schematics of damage and interface definition for finite element models in this study 
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Fig. 6 Comparison of calculated impactor contact force vs. displacement 
 
Fig. 6 shows calculated contact force vs. displacement relation using the three models and 
comparison with that from the stress analysis model presented in Section 2 that does not model any 
damage. Following observations are made.  
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Fig. 7 Predicted damage areas by Models 1, 2 and 3 (showing the sum of damage at different depths) 
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Calculated contact force vs. displacement by Model 1 almost coincides with the stress analysis model, 
indicating the delamination onset and propagation at the upper interfaces are inhibited by the high 
compressive through-thickness stress, as shown in Fig. 7b. Only a few of elements adjacent to the 
impact point are detected with matrix cracking and fibre-matrix shear-out, as shown in Fig. 7a and 7c. 
Fibre compression failure does not occur in this model. These damage modes slightly affect the 
laminate overall stiffness, but can be neglected reasonably for saving the computational time.  
Calculated first load-drop point by Model 2 is about 5800N and the corresponding displacement is 
1.9mm, which is close to the experimental critical force 5400N as shown in Fig. 1. Delamination 
predicted by Model 2 is shown in Fig. 7d, which is much large than those predicted by Model 1 (Fig. 
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7b) and Model 3 (Fig. 7f), implying that internal delamination adjacent to the mid plane is the main 
cause for the first load drop of the laminate studied in this paper.  
The slope of calculated contact force vs. displacement by Model 3 is smaller than that predicted by 
the stress analysis model due to the extensive matrix cracking. However, the effect of matrix crack 
and induced delamination on the laminate stiffness is much smaller than the effect of the 
delamination near the mid-thickness interfaces of Model 2. It should be pointed out that there is also 
a load drop at about 7720 N in Model 3, which is much higher than the measured critical force 5400 
N. This could be explained by the lack of mid-thickness delamination in Model 3, in which only the 
back-face fibre breakage due to the bending induced tension stress is modelled (Fig. 7g). 
4. Results and discussion 
4.1 A new efficient FE model for predicting critical impact force 
Based on the analyses presented in Section 3, a simplified finite element model (Model 4) is 
established to predict the critical force of thick multi-direction laminate, as shown in Fig. 8a. 
Cohesive elements are inserted in interfaces 9-22 adjacent to the mid thickness since the 
delamination in these interfaces is the main cause for the first load drop. Cohesive elements are also 
inserted in interfaces 27-30 to capture the delamination induced by the back face matrix cracking. 
Damage in interfaces 1-8 are not modelled, since it only slightly affects the stiffness of the impacted 
laminate. 
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Fig. 8 (a) Schematic of Model 4, (b) predicted contact force vs. displacement by Model 4  
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Fig. 8b shows the comparison of contact force vs. displacement between the experimental and 
prediction by Model 4. The slope of the predicted agrees well with the experimental measurement. 
Calculated first load drop is 5510 N, which is very close to the experimental critical force 5400 N. 
Predicted delamiantion area is compared with the ultrasound measurement of the 10J impact, since 
the critical force almost equals to the maximum force for this test (Fig. 1). As shown in Fig. 9, the 
shape of predicted delamination is similar to the test result. Both the predicted damage width and 
length are smaller than those of the test result. It could be explained that in the experiment further 
damage propagation might have ocurred beyond the critical force.  
Zhang, J, Zhang, X, An efficient approach for predicting low-velocity impact force and damage in composite laminates, 
Composite Structures (2015), doi: http://dx.doi.org/10.1016/j.compstruct. 2015.04.023 
12 
 
                                                        
                                                      (a) W=29.08       L=31.09                                 (b) W=23.52       L=25.74 
Fig. 9 Comparison of damage shape and size: (a) ultrasound C-scan of 10J impacted laminate, (b) QSL model predicted 
damage areas corresponding to critical impact force (showing the sum of damage at different depths, unit: mm) 
W 
L 
 
In this paper, all the analyses are carried out on a Linux cluster workstation with an Intel E5-2660 
CPU consisting of 8 CPU cores. The computional time taken by each model is listed in Table 3. 
Among them, the stress analysis model took the least time, since no failure is taken into accout. 
Model 1 took the longest time (over 3 days) to simulate the interaction of delamination and interface 
contact adjcent to the impactor. Since the upper interface damage degrades the laminate stiffness 
only slightly, the contact mechanism is neglected in the final model (Model 4). Without modelling 
the contact, Models 2 and 3 took about 15 and 20 hours, respectively. Finally, running the Model 4 
took about 25 hours, which is considered acceptable.   
Table 3 Computational time taken by the FE models in this study 
FE model Number of elements Delamination definition Computation time (h) 
Stress analysis 
112000 solid  elements 
105000 cohesive elements 
No delamination 1.4 
Model 1 
112000 solid elements 
8 surface-based cohesive contact interfaces 
Interface 1-8 90.6 
Model 2 
112000 solid elements 
22400 cohesive elements 
Interface 9-22 20.5 
Model 3 
112000 solid elements 
12800 cohesive elements 
Interface 23-30 15.1 
Model 4 
112000 solid elements 
35200 cohesive elements 
Interface 9-22 and 27-30 25.1 
4.2 Applicability of the efficient model in impact dynamic analysis 
Model 4 is also used to simulate the structural response and damage progression of the same impact 
test by performing dynamic analysis. The density of IM7/977-3 laminate is 1590 kg/m
3
 and the mass 
of the impactor is 6.8 kg. Impactor velocities of 1.71 and 2.42 m/s are applied to the model to 
simulate the impact energy of 10 and 20J. Dynamic analysis is carried out with the ABAQUS parallel 
explicit solver (v. 6.11) using the same computing facility as the quasi-static analysis. A user-defined 
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subroutine (VUSDFLD) is developed for implementing the 3D Hashin-type in-plane failure criterion 
presented in Table 2. The dynamic simulation took about 28 hours for the 10J and 20J impact; it is 
slighter longer than the quasi-static load analysis, but nevertheless considered being acceptable for a 
32-ply quasi-isotropic laminate.  
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Fig. 10 Comparisons between predicted and experimental measurement of contact force vs. time (a, b)  
and contact force vs. displacement (c, d)  
Comparisons of the predicted and experimental [27] contact force vs. time and contact force vs. 
displacement are shown in Fig. 10. Good agreement is achieved between the experimental and model 
prediction until the contact force reaches the critical impact force, i.e. the first load drop point. 
Beyond that, predicted contact force is higher than the experimentally measured, since only those 
damage modes near the mid-thickness interfaces and the back face are modelled in the new efficient 
FE model (Model 4). Closer delamination contours of the 10J and 20J impacts are delivered by the 
dynamic analysis, Figs. 11a and 11b, which are estimated by correlating the contact force to the 
critical force. Good agreement between the quasi-static and dynamic load analyses in terms of the 
delamination contour and critical force also support the strategy of modelling low-velocity impact by 
quasi-static load model. Beyond the critical force, the accuracy of predicted delamination area 
depends on the impact energy level. For the 10J impact, predicted delamination area (Fig. 11c) 
agrees well with the experimental result (Fig. 11e). However, for the 20J impact energy a slightly 
larger delamination area (Fig. 11d) is predicted by the FE model (Model 4).  
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Fig. 11 Dynamic model predicted delamination areas (showing the sum of damage at different depths, unit: mm) 
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5. Conclusions  
A computationally efficient approach is presented for predicting the critical impact force and 
corresponding damage of thick multi-direction composite laminates under the low velocity impact. 
Based on the simulation of a 4 mm thick quasi isotropic laminate, following conclusions are drawn. 
(1) The stress analysis model without modelling damage provides useful information on potential 
failure modes and locations. According to this model, damage can occur in the upper, middle and 
lower interfaces.  
(2) Modelling the delamination near the impact point is time consuming owing to the interaction of 
the interlaminar shear and compressive normal stresses; both have high values. Since the 
delamination onset and propagation are suppressed by the high compressive normal stress, Model 1 
contribution to the laminate stiffness and critical impact force can be neglected.  
(3) Both of the delamination locations, i.e. adjacent to the mid-thickness (Model 2) and next to the 
back face (Model 3), can cause the first load drop; the contribution depends on the material 
properties, laminate layup and thickness. In this study, the delamination adjacent to the mid thickness 
is the main causative mechanism for the first load drop of the 4 mm thick laminate. 
(4) The new efficient FE model (Model 4) takes into account of the interface damage around the mid 
thickness and back face and gives acceptable prediction. It is computationally affordable for both 
quasi-static load and dynamic load analyses.  
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